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Pure dephasing is widely used in the literature to explain experimental observations on quantum
dots in cavities. In many cases, its use is not enough and extra terms need to be “fictitiously” added
to accomplish with the observed data as it is the case of cavity pumping of an unknown source.
Here we controvert the validity of the pure dephasing mechanism as a source of decoherence and
present a theoretical study based on the phonon-mediated coupling that can explain the emission
spectrum and photon auto- and cross-correlation results in recent experiments without the need
of any artificial assumptions. We also demonstrated that the phonon-mediated coupling accounts
for unexplained features recently reported in measurements of photon auto- and cross-correlation
functions. Our work illuminates many of the debates in this field and opens up new possibilities for
experimental verification and theoretical predictions.
PACS numbers: 42.50.Pq, 71.36.+c, 73.43.Nq
Introduction.–In the context of cavity quantum elec-
trodynamics (cQED), mechanisms such as finite-memory
dephasing processes [1], random charge fluctuations [2],
spectral diffusion [3] and pure dephasing [4, 5] have been
recognized as different sources of decoherence in solid-
state emitters. Among the physical mechanisms respon-
sible for dephasing, the exciton-phonon interaction in
quantum dots (QDs) and those related with phononic
process have played an important role and remains a sub-
ject of debate. In fact, several research groups have in-
vestigated the pure dephasing from both theoretical [6, 7]
and experimental sides [8, 9], and particularly, the avail-
able experimental data reveals that this mechanism in-
creases linearly with temperature, which is a signature
of phonon-mediated process [10]. This hypothesis has
been mentioned in previous works [11, 12] and is con-
sistent with the fact that the pure dephasing is negligi-
ble under conditions of low temperature and excitation
power [13, 14]. Even though important progress has been
made in the field of cQED, some intriguing quantum phe-
nomena within the framework of off-resonant QD-cavity
coupling remains not fully understood (and cannot be
explained by pure dephasing) [15–17]. Related experi-
mental measurements on photon correlations have shown
a pronounced bunching in the auto-correlation function
(under resonance conditions) [18] as well as a strong
anti-bunching in the cross-correlation function (under off-
resonance conditions). [19, 20] Those results also can-
not be explained in terms of the pure dephasing, raising
many questions about the validity of the pure dephasing
mechanism in a regime of low temperatures and it has
been conjectured the existence of an unidentified mecha-
nism that possibly is linked to phonon-mediated dephas-
ing [19]. Despite the controversy on the role of the pure
dephasing, a joint theory-experiment study on dephasing
of exciton polaritons has shown that contrary to widely
assumed in the literature, pure dephasing could be sig-
nificant even at very low excitation power densities (∼
6W/cm2) and temperatures (∼18K) [11]. In addition,
their results showed that the strong coupling regime may
appear disguised as a single peak in a QD cavity system
and that an unknown source of cavity pumping is needed,
opening up a new question.
In this letter we address in details the question of off-
resonant coupling in QD cavity system, showing that the
phonon-mediated mechanism is able to describes prop-
erly the experimental results found in Ref. [11] without
the need of extra pumping terms. We also shown that
the pure dephasing mechanism fails to describe recent ex-
perimental results on photon auto- and cross-correlation
functions, while phonon mediated off-resonant coupling
proposed here is more suitable to capture the underlying
observed physics and opens up the possibility for new
experimental verifications.
Theory.–We introduce our theoretical model by consid-
ering a quantum emitter (QE) coupled to a single cav-
ity mode through the Jaynes–Cummings (JC) Hamilto-
nian (~ = 1): Hˆ = ωcaˆ†aˆ + ωxσˆ†σˆ + g(aˆ†σˆ + aˆσˆ†) with
ωc and aˆ (aˆ
†) being the frequency and the annihilation
(creation) operator of the single-mode field. Moreover,
ωx and σˆ = |G〉 〈X| is the exciton frequency and cor-
responding pseudospin operator for the two-level system
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2considering the QD ground state |G〉 and a single exciton
|X〉 state and g is the coupling constant between cavity
mode and exciton. In what follows, we incorporate the
influence of the environment through the following mas-
ter equation
dρˆ
dt
= −i[Hˆ, ρˆ] + Γc
2
Laˆ(ρˆ) + Γx
2
Lσˆ(ρˆ) + Px
2
Lσˆ†(ρˆ)
+
γθ
2
Laˆσˆ†(ρˆ) +
Pθ
2
Lσˆaˆ†(ρˆ), (1)
where LOˆ(ρˆ) = (2OˆρˆOˆ†−Oˆ†Oˆρˆ−ρˆOˆ†Oˆ) defines the Lind-
blad superoperator for an arbitrary operator Oˆ. Notice
also that the leakage of cavity photons and the spon-
taneous emission of the QE are considered through the
rates Γc and Γx, respectively. Additionally, we incorpo-
rate in our model the incoherent pumping of the exciton
at rate Px and two effective phononic decay rates γθ and
Pθ. In particular, the phononic rates γθ (Pθ) describes
the excitation (or de-excitation) of the QE by the an-
nihilation (or creation) of a cavity photon accompanied
by the creation (or annihilation) of phonons to compen-
sate the QE-cavity frequency difference. It is worth to
mention that these two phononic decay terms have been
theoretically proposed by Majumdar and coworkers [21]
for describing the phonon-mediated off-resonant coupling
in cQED systems.
Our model is significant different from the model pre-
sented by Laucht et al. [11] which includes mechanisms
such as incoherent pumping of the cavity mode and the
pure dephasing at rates Pc and γ
φ
x through the Lindblad
terms (Pc/2)Laˆ†(ρˆ), (γφx/2)Lσˆz (ρˆ) into the above mas-
ter equation (with γθ = Pθ = 0). The assumptions of
the pure dephasing and incoherent cavity pumping are
realistic and well-founded, as it is difficult for the ex-
perimentalist to achieve the desired control over aspects
such as the proximity of others QE to the cavity mode,
as well as processes related to the relaxation of electron-
hole pairs and electronic pumping [22], but there is ev-
idences from both theory and experiments that suggest
that pure dephasing does not play an important role for
conditions of low excitation power density and very low
temperatures [23]. The cavity pumping is also very con-
troversy [24]. In fact, those incoherent mechanisms have
been proposed in the past as a requirement to reproduce
experimental lineshapes [11, 25, 26]. The question that
remains is: do they really capture all experimental evi-
dences?
To answer that question, we can compute photolumi-
nescence (PL) spectrum from both models by assuming
that most of captured light is coming from the cavity
leaking and taking into account the Wiener-Khintchine
theorem, which allow us to write the emission spectrum
of the coupled system as a Fourier Transform of the two-
time correlation function of the operator field aˆ. More
precisely, Sa(ω) =
∫∞
−∞
〈
aˆ†(τ)aˆ(0)
〉
e−iωτdτ and for the
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FIG. 1. (Color online) (a) Emission spectrum for different de-
tunings obtained from model presented in Ref. [11] (dashed-
blue line) in comparison with our theoretical model (solid-red
line) using a fit to find the best parameters. (b) Same as in (a)
for the resonant case for better clarity. In (c) we compare the
experimental data extracted from Ref. [11] (open-blue circles)
with numerical results based on our model (solid-red line).
Here the detuning are: ∆ = −50µeV (top), ∆ ∼ 0µeV (mid-
dle) and ∆ = +50µeV (bottom). In (d) we show the depen-
dence of the fitted parameters: Γc (filled-blue squares), Γx
(filled-black circles), Pθ (open-red squares), Px (open-green
circles) and γθ (solid-gray triangles) on detuning used in (a).
two-time correlation function should be used the quan-
tum regression theorem [27].
Results.–In order to examine the underline differences
between the two theoretical models, we used the param-
eters g = 59 µeV, Γx = 0.2 µeV, Px = 0.5 µeV, Γc = 68
µeV, Pc = 4.5 µeV, and γ
φ
x = 19.9 µeV (which fits ex-
perimental data of Ref. [11]) to generate a set of spec-
trum for different detunings using the model of Ref. [11].
Then we perform a numerical fit to it using our new the-
oretical model. The two set of spectrum are shown in
Fig. 1(a) and they are in excellent agreement as we can
better see in Fig. 1(b), meaning that both models can
fit the same experimental PL spectrum data. This is
evident in Fig. 1(c), where we compare the experimental
data extracted from Ref. [11] using Engauge software [28]
(open-blue circles) to the PL spectrum obtained from our
model (solid-red line). This support the conjecture that
the phonon-mediated off-resonant coupling is more suit-
able to describe the observed effects instead of the pure
3dephasing, since this mechanism is not expected to be
presented at low power and temperature of the fitted
experimental data. In Fig. 1(d) we show the detuning
dependence of the parameters which fits the spectrum
shown in Fig. 1(a). The results reveals that the parame-
ters Px, Γx and Γc remain constant, moreover it corrob-
orates that the spontaneous emission can be neglected
as it is usually done in many theoretical studies in the
framework of the cQED. The most remarkable result to
emerge from these data is that the phononic rates depend
on the detuning accordingly to a Gaussian shape and it
is consistent with other theoretical models that consider
these particular phononic mechanisms at low tempera-
tures (∼ 4K) [21, 29, 30].
To further prove that our mode can fit the experimental
observation of Ref. [11], in Fig. 2(a) we fit the extracted
PL spectrum for different power densities of that refer-
ence using our new model. The parameters found in this
fitting is shown in Fig. 2(b). As we can see, Γc and Γx
stay constant, as we would expect. The only parameter
that changes is the exciton pumping rate Px. Surpris-
ingly, we found that the rates Pθ and γθ are independent
of the external pump as a clear evidence that the phonon-
mediated coupling mechanism must not be attributed to
any source of dephasing originated by excitation, in con-
trast to the pure dephasing rate which increases rapidly
with the excitation powers in Ref. [11]. At the low excita-
tion power limit, the presence of a doublet in the emission
spectra is widely considered to be the fingerprint of the
strong coupling (SC) regime. However, under certain ex-
perimental conditions, depending on relative importance
of decoherence in the system, it is possible that the SC
regime appears “in disguise” of a single peak as has been
claimed by the authors in Ref. [11].
In Fig. 2(c) we display the effective Rabi splitting
(ERS) as a function of the excitation powers for differ-
ent models. Open-blue circles is the difference between
the position of the peaks in the experimental spectra of
Ref. [11] fitted by two Lorentzian (traditional approach),
while filled black squares are the result of the theoretical
model proposed by Laucht et al.. This significant dis-
crepancy in the ERS has been attributed to the broaden-
ing in the emission peaks due to the pure dephasing and
additional sources of decoherence produced by the cavity
pumping. Those source of decoherence was artificially in-
cluded to fit the spectra and might not represent the true
ERS. Therefore, we go further and argue that the change
of the vacuum Rabi doublet to a single emission peak can
be understood as the result of a dynamical phase transi-
tion (DPT) in the system. This phenomena has already
been used to explain the unexpected occurrence of an ex-
tra emission peak in off-resonant studies and the unusual
spectral shifting (cavity-to-exciton attraction) in cQED
systems [31, 32]. The main consequence of this phe-
nomenon is the coexistence of weak- and strong-coupling
regimes, where the vacuum Rabi doublet appears accom-
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FIG. 2. (Color online) (a) PL spectrum at resonance as a func-
tion of the excitation power. Open-blue circles correspond to
experimental data extracted from Ref. [11], while the solid-
red lines are fits to our theoretical model. In (b) the fitting
parameters are displayed as function of the excitation power.
The diagram in (c) shows the effective Rabi splitting at reso-
nance as a function of the excitation power. Open-blue circles
is difference between the position of the peaks in the PL spec-
tra of Ref. [11] fitted by two Lorentzian, filled-black squares
is the model proposed by Laucht et al. and open-red trian-
gles is the result of fitting three Lorentzian to our numerically
obtained PL spectrum as depicted in (d) for a few situation.
In particular, the Rabi doublet is shown as dashed-gray line,
whereas the collective state is shown as dot-dashed-green line.
panied by a single emission peak at the cavity frequency.
This is the result of the formation of a collective state in-
duced by the phonon reservoir. Taking that into account,
we fit our theoretical results with three Lorentzian and
obtain the ERS as the difference in the peak position
of the outer ones [dashed-gray lines in Fig. 2(d)]. The
result is show as open-red triangles. In Fig. 2(d) dot-
dashed-green line represents the Lorentzian of expected
collective state.
It is worth mentioning that due to the spectral broad-
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FIG. 3. (a) and (b) shows the auto- and cross-correlation
function for ∆=0, while (c) and (d) show the same for ∆ =
0.3meV . Solid-red line is our model and dashed-blue line is
for model used in Ref. [11]. Here we used the parameters of
Fig. 1.
ening of the Rabi doublet, it imposes a limit in the spa-
tial resolution and therefore the experimental observa-
tion of the collective state becomes a challenge for the
experimentalist. In fact, several experiments related to
QE-cavity system could not observe such phenomenol-
ogy [11, 23, 33, 34]. From theory we expect that for
large ratio of g/ |Γc − Γx| and a very low cooperativity
factor C = g2/ΓcΓx, it is possible to find the appro-
priated experimental conditions where a spectral triplet
will appears in the PL spectrum. Taking into account
the current experimental scenario only few researchers
have reached the above mentioned conditions and conse-
quently the spectral triplet has been observed [15, 35].
Another kind of experiments that might hint that
pure dephasing is not the correct way to treat the de-
cohence in this system is the auto and cros-correlation
measurements as found in Refs. [20, 36–39]. They have
found a strong photon anti-bunching in both kind of
measurements. The origin of the strong photon anti-
bunching in the cros-correlation function was the subject
of many debates and phonon-mediated process spears as
the most probable candidate. In order to quantify the-
oretically the photon correlations, we consider the auto-
and cross-correlation function in the steady state defined
by g(2)(τ) =
〈
aˆ†(0)aˆ†(τ)aˆ(τ)aˆ(0)
〉
/
〈
aˆ†aˆ
〉2
and g
(2)
X (τ) =〈
aˆ†(0)σˆ†(τ)σˆ(τ)aˆ(0)
〉
/
〈
aˆ†aˆ
〉 〈
σˆ†σˆ
〉
, respectively.
Fig. 3(a)-(b) shows the numerically calculated auto-
and cross- correlation function at the resonance condi-
tion. The numerical results based on our theoretical
model are shown with solid-red line, whereas the results
using the model presented by Laucht et al. are shown
with dashed-blue line. It is interesting to note that our
model is in qualitatively agreement with experimental re-
sults previously reported by other authors [19, 20, 36]. It
can be seen a strong anti-bunching in the photon corre-
lations together with some particular features such as a
small peak around τ = 0 in the auto-correlation func-
tion, which is a signature of “an unknown intermedi-
ate coupling regime” [40], and a pronounced asymmetry
in the cross-correlation function that has not been ex-
plained theoretically so far [15, 19, 37, 38]. The out of
resonance (∆ = 0.3meV ) results are shown in Fig. 3(c)-
(d). It is interesting to notice that the features in the
auto- and cross- correlation functions described above
holds for larger detunings, in agreement with experimen-
tal observations, and contrary to the established in the
literature, this unexpected behavior can be understood
from a Markovian perspective [19, 20, 37–39]. The result
based on pure dephasing model (dashed-blue line) fails
completely in describing what is observed experimentally.
Conclusions.–The findings of this study suggest that
contrary to a claim in the literature, the phonon-
mediated off-resonant coupling could be the suitable
mechanism for describing decoherence at very low tem-
peratures instead of the pure dephasing mechanism. Our
theoretical calculations based on phononic mechanisms
agree well with the current experimental observations.
More precisely, we found that our results are in qualita-
tive agreement with the available experimental data of
the PL spectrum of a QE-cavity system, as well as they
are consistent with some unexpected features found in ex-
perimental measurements of the auto- and cross- correla-
tions functions. Although our theoretical model confirms
that even when the QE-cavity system has a single emis-
sion peak in the PL spectrum, it is possible to identify
the ERS as a signature of the strong coupling regime.
Moreover, it exhibits an apparent significant reduction
as a consequence of the emergence of a collective state
at the cavity frequency. Our findings support the idea
that there is an intermediate coupling regime which has
been theoretically predicted as a DPT in the system [31],
and therefore the experimentalists shall be encouraged to
search for more evidences of the novel coupling regime in
cQED systems.
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